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ABSTRACT
We present a comprehensive photometric analysis of a young open cluster NGC1960 (=
M36) along with the long-term variability study of this cluster. Based on the kinematic
data of Gaia DR2, the membership probabilities of 3871 stars are ascertained in the clus-
ter field among which 262 stars are found to be cluster members. Considering the kinematic
and trigonometric measurements of the cluster members, we estimate a mean cluster par-
allax of 0.86±0.05 mas and mean proper motions of µRA = -0.143±0.008 mas yr−1, µDec
= -3.395±0.008 mas yr−1. We obtain basic parameters of the cluster such as E(B− V) =
0.24±0.02 mag, log(Age/yr)=7.44±0.02, and d = 1.17±0.06 kpc. The mass function slope in
the cluster for the stars in the mass range of 0.72-7.32 M⊙ is found to be γ = -1.26±0.19.
We find that mass segregation is still taking place in the cluster which is yet to be dynam-
ically relaxed. This work also presents first high-precision variability survey in the central
13′×13′ region of the cluster. The V band photometric data accumulated on 43 nights over a
period of more than 3 years reveals 76 variable stars among which 72 are periodic variables.
Among them, 59 are short-period (P < 1 day)and 13 are long-period (P > 1 day). The variable
stars have V magnitudes ranging between 9.1 to 19.4 mag and periods between 41 minutes
to 10.74 days. On the basis of their locations in the H-R diagram, periods and characteristic
light curves, the 20 periodic variables belong to the cluster. We classified them as 2 δ-Scuti,
3 γ-Dor, 2 slowly pulsating B stars, 5 rotational variables, 2 non-pulsating B stars and 6 as
miscellaneous variables.
Key words: Galaxy – open cluster: individual: NGC1960 – stars: variables: general – tech-
nique: photometric – method: data analysis
1 INTRODUCTION
Star clusters are important building blocks of the galaxies and it
is widely believed that majority of stars in our Galaxy are formed
in the star clusters. Hence study of Galactic open clusters is im-
portant for understanding the history of star formation and nature
of the parent star clusters. The parameters such as age, distance,
reddening, and metallicity in addition to stellar models are key
to understand star formation history while luminosity and mass
functions are important quantities to know their dynamical evolu-
tion (Sagar et al. 1986; Lada & Lada 2003). The observations of
large number of open clusters having different ages, locations, and
environments in the Galaxy have been used to probe the Galac-
tic structure (Carraro et al. 1998; Chen et al. 2003; Joshi 2005;
Piskunov et al. 2006; Joshi 2007; Piatti et al. 2019). While the pho-
tometric and kinematic studies of young open clusters provide clues
to the star formation processes (Kuhn et al. 2019), old open clusters
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furnish details about the past history of the Galaxy (Phelps & Janes
1994; Joshi et al. 2016). These information contribute to constrain
the Galaxy formation models and chemodynamical properties of
the Galactic disk (Frinchaboy & Majewski 2008; Sahijpal & Kaur
2018; Siegel et al. 2019).
Since most of the open clusters are primarily affected by
the field star contamination, the knowledge of membership of
the stars in the cluster field is absolutely necessary to investi-
gate the cluster properties. However, this is not the case for ma-
jority of the open clusters (e.g., Dias et al. 2002; Carraro et al.
2008; Kharchenko et al. 2013; Joshi et al. 2016). Therefore, a long-
term observational program is being carried out at ARIES, Naini-
tal to better characterize some poorly studied clusters, particu-
larly young and intermediate age open clusters [log(t/yr)<9], and
determine their basic astrophysical parameters (Joshi et al. 2012,
2014). Higher priority has been given to those open clusters for
which no variability study has been carried out until now so
that we can also characterize variable stars in these clusters. In
this paper, we aim to determine physical parameters of one rela-
c© 2019 The Authors
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Table 1. Values of parameters listed in the WEBDA for the cluster
NGC 1960.
Cluster Parameters Values
Trumpler class I3r
RA (J2000) 05:36:18
DEC (J2000) +34:08:24
Longitude (l/deg) 174.535
Latitude (b/deg) 1.072
Distance (d/pc) 1318
Reddening (E(B-V)/mag) 0.222
Age (Log(t/yr)) 7.468
tively young open cluster NGC1960 located in the Galactic anti-
center direction, using the ground based optical observations sup-
ported by the archival data. Some basic parameters of the clus-
ter are summarized in Table 1. This cluster has been investi-
gated in the past in optical as well as in near-IR wavebands.
The photoelectric and photographic studies of this cluster were
done by Johnson & Morgan (1953), Barkhatova et al. (1985), and
Mermilliod (1987). The proper motion study of this cluster was
carried out by Sanner et al. (2000). The photometric study of this
cluster has been performed by Sanner et al. (2000); Nilakshi et al.
(2002); Kharchenko et al. (2005); Sharma et al. (2006); Wu et al.
(2009). The near-IR photometric study of bright stars of this cluster
was carried out by Hasan et al. (2008). Sharma et al. (2008) studied
the mass function and effect of photometric binaries in the cluster.
Using Lithium depletion boundary technique, Jeffries et al. (2013)
determined the age of this cluster. In spite of all these studies,
many stars in the field of NGC1960 still lack membership con-
firmation that lends larger uncertainties in the estimation of clus-
ter parameters. Recently, with the availability of the Gaia catalog
(Gaia Collaboration et al. 2018) having unprecedented astromet-
ric precision, the membership determination based on kinematic
method becomes a reliable tool to identify the cluster members
(e.g., Cantat-Gaudin et al. 2018).
Stars in the open clusters show different kinds of variability
at various stages of their evolution with varying brightness and
time scales. The photometric variability are believed to be orig-
inated through several physical mechanism like stellar pulsation,
rotation of star with an inhomogeneous distribution of cool spots,
variable hot spots, obscuration by circumstellar disk, eclipsing of
star, and eruption (e.g., Herbst et al. 1994; Joshi et al. 2012). The
search for variables in the open clusters is extremely important as
it presents an opportunity to explore the stellar interiors. It also
provides opportunity to verify stellar evolution theory and offer
constraints for understanding the structure and the evolution of the
Galaxy (Dias et al. 2002; Piskunov et al. 2006). The study of vari-
able stars in large number of open clusters have been carried out
in the past; some of the recent work can be found in Zejda et al.
(2012); Balona et al. (2013); Venuti et al. (2015); Dar et al. (2018);
Lata et al. (2019); Michalska (2019) where large number of δ-Scuti
stars, γ Doradus variables, slow pulsating B stars and other kind
of variable stars are reported. However, cluster NGC1960 has not
been studied for variability aspect so far. As we have initiated a
long-term project for the survey of variable stars in some young
and intermediate age open clusters in the Galaxy in addition to
accomplish their photometric study, an extensive time-series CCD
observations have been carried out in the direction of the cluster
NGC1960. Since we observed the cluster for many intra-night as
well as inter-night monitoring spanning over more than three years,
we probe the cluster for both short-period as well as long-period
variable stars.
A detailed analysis of our photometric, kinematic and variabil-
ity studies of the cluster NGC1960 is presented here. This paper is
organized as follows: The observational and reduction techniques
are presented in Sect. 2. The data used in the present study is de-
scribed in Sect. 3. The kinematic study of stars in the cluster is
described in Sect. 4. The basic parameters such as age, distance
and reddening are derived in Sect. 5. The dynamical study of the
cluster is presented in Sect. 6. A detailed study of the variable stars
is given in Sect. 7 followed by their characterizations in Sect. 8. We
discuss and summarize our results in Sect. 9
2 OBSERVATIONS AND DATA REDUCTION
The observations have been carried out with the 104-cm Sam-
purnanand Telescope (ST) at Manora Peak, Nainital. The ST is
equipped with a 2k×2k CCD camera having a field of view of
∼ 13′ × 13′ and the pixel scale of 0.758 arcsec pixel−1 in 2 × 2
pixel binning mode. The gain of the CCD is 5.3 e−/ADU and read
out noise is 10.0 e−. Further details of telescope and detector can
be found in Joshi et al. (2005). The bias and flat-field frames were
taken on each observing night. To carry out the variability study,
we monitored NGC1960 in V band on 43 nights during the period
of 2009-2013 spread over four observing seasons where we have
accumulated a total of 235 frames. The exposure times range from
10 to 200 seconds depending upon the position of the target field
in the sky at the time of observation, photometric sky condition,
and telescope time availability. The mean PSF FWHM vary from
1.56 to 3.9 arcsec over the entire monitoring period. An observing
log is given in Table 2. The basic steps of image processing, which
include bias subtraction, flat field correction, and cosmic hits re-
moval, were performed using the standard tasks within the IRAF
software. Photometry of the frames were performed using the stan-
dard DAOPHOT II profile fitting software (Stetson 1992). To search
for variable stars in the target field, absolute photometry was per-
formed which is a meaningful tool to determine stellar parameters
for the cluster members like their spectral type and stellar position
in the H-R diagram. To do absolute photometry, we converted in-
strumental magnitudes of the stars on each night to the standard
magnitudes by using the secondary standards obtained on the night
of 2010, November 30 as explained in the following section.
3 DATA SOURCES
3.1 Nainital data
To carry out detailed photometric study of the cluster NGC1960,
we obtained Johnson-Cousins UBVRI photometry of stars on 2010,
November 30 using ST at Nainital. We acquired two frames each in
U, B, V , R and I filters with exposure times of 300, 300, 200, 100,
and 60-sec, respectively. Frames were taken when NGC1960 was
close to zenith. We also observed two Landolt’s standard fields:
SA95 and PG0231+051 (Landolt 1992) at different airmasses on
the same night. Science frames were combined together in each
filter to obtain high signal-to-noise ratio (SNR) in respective fil-
ters which allowed us to obtain deeper photometries. The details
of the photometric calibration along with estimation of extinction
and colour coefficients are given in Joshi et al. (2012, 2014) so we
do not repeat it here. The photometric analysis of our data yields
a total of 1970 stars within ∼ 13′ × 13′ central field of the cluster
MNRAS 000, 1–?? (2019)
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Table 2. The log of observations in V band for the cluster NGC 1960.
S.N. Date Starting JD FWHM No. of Exp. time
(yyyymmdd) (2450000+) (arcsec) frames (sec)
1 20091024 5129.398345 2.12 6 10
2 20091029 5134.345556 1.70 3 30
3 20091030 5135.258472 2.05 2 30
4 20091031 5136.263947 2.05 2 30
5 20091101 5136.457569 1.83 1 40
6 20091107 5143.333056 1.56 4 10
7 20091108 5144.413299 1.79 2 10
8 20091206 5172.185718 2.49 2 12
9 20100102 5199.351574 3.74 1 10
10 20100104 5201.110382 3.27 2 10
11 20100105 5202.088171 2.85 2 60
12 20100201 5229.299005 2.04 2 10
13 20100202 5230.282970 1.87 2 10
14 20100203 5231.085289 3.04 2 10
15 20100204 5232.247650 1.88 2 60
16 20100210 5234.060822 3.02 2 60
17 20100218 5246.126632 2.92 2 60
18 20100219 5247.099977 1.79 2 60
19 20100227 5255.199826 2.45 2 10
20 20100228 5256.133530 2.05 1 10
21 20100304 5260.190116 1.84 2 60
22 20100306 5262.078970 1.96 2 10
23 20100307 5263.152361 2.29 2 10
24 20100317 5273.115590 2.07 2 10
25 20100318 5274.099803 2.01 2 10
26 20100329 5285.134560 3.29 2 10
27 20100331 5287.107106 2.09 2 10
28 20100401 5288.080046 2.09 2 60
29 20101130 5531.347917 3.09 2 200
30 20101208 5539.234768 2.28 3 60
31 20110112 5574.217083 2.61 3 60
32 20110205 5598.053958 2.00 3 60
33 20110307 5628.158125 2.27 3 60
34 20111018 5853.426910 2.89 3 10
35 20111102 5868.445625 3.90 29 60
36 20111103 5869.433206 3.64 42 60
37 20111129 5895.234537 2.90 2 60
38 20120124 5951.110718 2.44 70 60
39 20120126 5953.124780 3.24 3 60
10 20120222 5980.091539 2.68 3 60
41 20120323 6010.113796 2.51 3 60
42 20121016 6218.320370 2.50 3 10
43 20130108 6301.075544 3.83 3 60
NGC1960. We obtained photometric data for 431, 985, 1384, 1908
and 1482 stars in the U, B, V , R and I bands, respectively. The av-
erage internal photometric errors per magnitude bin in all the five
filters on the night of standardization are listed in Table 3. This
shows that photometric errors are relatively small (< 0.1mag) for
stars brighter than V ≈ 20 mag though larger photometric errors are
seen in the U and I bands.
3.2 Archival data
Along with our UBVRI photometric catalogue, we also used many
other catalogues where photometric and kinematic data were avail-
able for the cluster. To do a comprehensive study of NGC1960, we
combined all these data along with our own data to prepare a final
catalogue.
Table 3. The average photometric error per magnitude bin as a function of
stellar brightness in Nainital data taken on 30 November 2010.
mag σU σB σV σR σI
8− 9 0.006 - - - 0.011
9−10 0.005 - - 0.009 0.005
10−11 0.004 0.017 0.010 0.005 0.004
11−12 0.005 0.012 0.005 0.005 0.005
12−13 0.006 0.010 0.005 0.005 0.005
13−14 0.007 0.010 0.007 0.005 0.005
14−15 0.007 0.011 0.006 0.006 0.006
15−16 0.010 0.011 0.007 0.007 0.009
16−17 0.017 0.011 0.008 0.010 0.015
17−18 0.034 0.014 0.012 0.019 0.032
18−19 0.075 0.019 0.022 0.039 0.064
19−20 0.160 0.036 0.047 0.088 0.159
20−21 0.413 0.080 0.099 0.222 -
21−22 - 0.171 0.256 0.514 -
3.2.1 Optical data
Due to the limited field of view, we could observe only central
∼ 13′ × 13′ region (∼ 6′.5 radius of circular region) of NGC1960
while this cluster is reported to have a larger radius of about
10′ (Lynga & Palous 1987; Sanner et al. 2000), 14′ (Sharma et al.
2006) (SHA06 now onward) and 15′.4 (Nilakshi et al. 2002). To
complement our data, particularly in the outer region of the clus-
ter, we combined our photometric data with the SHA06 who pro-
vided UBVRI photometric catalogue in the wide field of view
(∼ 50′×50′) observed through the 105-cm Kiso Schmidt telescope,
although present photometry is deeper in comparison of SHA06.
Since we have taken large number of stars from SHA06, we con-
sider their estimated cluster radius of 14′ and combined catalogue
is confined to this radius only. As NGC 1960 is a relatively nearby
and younger cluster hence some of the most bright stars in the clus-
ter field got saturated in our CCD observations as well as in SHA06.
Furthermore, some stars fell into the bad CCD pixels which were
rejected during the image analysis. Therefore, we acquired mag-
nitudes of 12 such bright stars from the previous catalogues of
Mermilliod (1987); Høg et al. (2000); Jeffries et al. (2013). In this
way we made a combined catalogue of 3962 stars for which photo-
metric data has been compiled.
3.2.2 2MASS near-IR data
We used archival near-IR photometric data from the Two Micron
All-Sky Survey [2MAS S ] (Skrutskie et al. 2006) which provides
photometry in the J (1.25 µm), H (1.65 µm), and Ks (2.17 µm)
filters. The data has limiting magnitude of 15.8, 15.1, and 14.3
mag in J, H, and Ks bands, respectively, having a signal-to-noise
ratio greater than 10. Our optical data was cross-correlated with
the 2MASS photometric catalogue and found 3142 common stars
within 1′′ matching radius for which we could extract J, H, and
Ks magnitudes. To ensure the photometric accuracy, we used only
those stars having J, H, and Ks magnitudes that have quality flag
ph-qual=AAA, which represents a SNR≥10 and photometric un-
certainty <0.10 mag. The Ks magnitudes were converted into K
magnitudes using equations given in the Carpenter (2001).
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3.2.3 Gaia proper motion data
We took data from the Gaia archive DR2 for the proper motion
studies (Gaia Collaboration et al. 2018). The Gaia mission, which
launched in 2013 to measure positions, trigonometric parallaxes,
proper motions, and photometry of million of stars, provides mean
parallax error up to 0.04 mas for sources having G ≤ 15 mag and
around 0.7 mas for sources having G = 20 mag. The DR2 provides
proper motions of more than 1.3 billions sources with uncertainties
up to 0.06 mas yr−1 for the sources having G ≤ 15 mag, 0.2 mas
yr−1 for G = 17 mag, and 1.2 mas yr−1 for sources up to G = 20
mag. In the present analysis, we found 3871 common stars between
our catalogue and Gaia DR2 catalogue within 1′′ matching radius
for which we could extract the proper motions and parallax data.
3.3 Final catalogue
The final photometric catalogue contains 3962 stars which com-
prises our UBVRI data combined with the wide field photom-
etry given by Sharma et al. (2006) and 2MASS near-IR data
(Skrutskie et al. 2006). Here, we note that all the magnitudes are
neither available for all the stars nor in all the passbands. To con-
vert the pixel coordinates (X,Y) into celestial coordinates (α2000,
δ2000), a linear astrometric solution was derived by matching com-
mon bright stars between our V band frame and the Gaia DR2 cata-
logue. We achieved a radial RMS scatter in the residuals of ∼ 0′′.6,
which is equivalent to ∼ 0.8 pixel. A sample of final catalogue is
given in Table 4. The entire catalogue is available online that con-
tains star ID, celestial coordinates, photometric magnitudes in U,
B, V , R, I bands; 2MASS J, H, and K magnitudes; the Gaia par-
allax (ω) and proper motions (µx, µy). Each value is given with its
associated error for all the stars. The final catalogue contains stars
down to B = 21.9 and V = 21.4 mag though photometric errors be-
come large (≥ 0.1) mag) for stars fainter than 20 mag.
4 MEMBERSHIP DETERMINATION
The basic parameters for the cluster NGC1960 have been derived
by several authors (e.g., Sanner et al. 2000; Nilakshi et al. 2002;
Sharma et al. 2006; Wu et al. 2009). However, most of these au-
thors used all the stars present in the observed field of the clus-
ter region to determine their cluster parameters. Since not all the
stars present in the region are associated with the cluster hence
their parameter estimations render larger uncertainties. Therefore,
in the present study, we first identified cluster members through
Gaia DR2 astrometric and kinematic measurements.
4.1 Membership probabilities
In previous years many methods were used for the membership de-
termination of stars in the star clusters based on the photometric
and kinematic data (Yadav et al. 2013; Dias et al. 2014; Joshi et al.
2014; Sampedro et al. 2017; Topasna et al. 2018). However, avail-
ability of the astrometric data from the Gaia survey with the un-
precedented accuracy has made the kinematic method of member-
ship determination most reliable. In the present study we use proper
motions from the Gaia DR2 to obtain the membership probabilities
of 3962 stars found within the cluster radius. We found 3866 stars
that have proper motions available in the present catalogue. Proper
motions for these stars in the RA-DEC plane are plotted as Vector-
point diagram (VPD) in Figure 1. It is evident in the VPD that the
Figure 1. Vector-point diagram of the proper motions of stars constructed
using Gaia DR2 proper motions in the field of the cluster NGC1960.
Figure 2. The radial distribution of stellar number density in the proper-
motion plane. Here, dashed horizontal line indicates the field density and
vertical dotted line represents the cut-off radius used to find the cluster
members.
cluster stars are well separated from the field stars. The center of
the circular region confining the probable cluster members was de-
termined by maximum density method in the proper motion plane
which is found to lie at (µx,µy) ≡ (µαcosθ,µδ) ≈ (−0.13,−3.37)
mas yr−1. The radius of the circle was derived by plotting the stellar
density as a function of radial distance in the proper motion plane
as illustrated in Figure 2. We fit the stellar density profile with a
function similar to the one used to characterize the radial profiles of
star clusters in the galaxies. In Figure 2, we draw horizontal dashed
line to show stellar field density. In the radial density distribution,
we put a cut-off where stellar density falls close to the field density
which is found to be ∼ 0.7 mas yr−1 and shown by vertical dashed
line in the figure. In this way, the radius of the circle is determined
as 0.7 mas yr−1 and shown by a blue circle in Figure 1. We thus
obtained a total 462 stars within the circular region which could be
the potential cluster members.
To determine the membership probabilities of stars in the
field of the cluster, we used a statistical method described in
MNRAS 000, 1–?? (2019)
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Table 4. Photometric catalogue of 3962 stars detected in the field of cluster NGC 1960. Table is sorted in the order of increasing V magnitude. The error in
magnitudes indicates the photometric error in the measurement. Column 1 gives identification number and columns 2 and 3 give right ascension and declination
for J(2000). From columns 4 to 8, we provide photometric magnitudes and corresponding error in the UBVRI passbands, wherever present. Full table available
online further contains 2MASS JHK magnitudes, Gaia parallax, proper motions and membership probability for all the stars and their associated errors.
ID RA DEC U B V R I
0001 05:36:23.05 +34:10:32.8 8.276 9.106±0.067 8.291±0.122 - -
0002 05:36:15.79 +34:08:36.9 8.219 8.879 8.880 - -
0003 05:36:39.24 +34:03:50.1 8.482 9.082 9.060 - -
0004 05:36:31.99 +34:10:47.2 8.472±0.006 9.100 9.090 - 8.980±0.012
0005 05:35:44.08 +33:59:44.4 - 9.105±0.021 9.099±0.022 - -
. . . . . . . .
. . . . . . . .
. . . . . . . .
3961 05:35:57.98 +34:10:41.2 - - - 19.630±0.078 18.697±0.113
3962 05:36:39.29 +34:14:17.8 - - - 19.947±0.128 18.407±0.037
Balaguer-Núnez et al. (1998) and Michalska (2019). In this method
membership probability of the ith star is defined as
Pµ(i) =
nc . φ
ν
c(i)
nc . φ
ν
c(i)+n f . φ
ν
f
(i)
where nc and n f are the normalized number of stars for cluster
and field regions i.e. nc + n f = 1. The φ
ν
c and φ
ν
f
are the frequency
distribution functions for the cluster and field stars. The φνc for the
ith star is defined as:
φνc(i) =
1
2π
√
(σ2xc+ǫ
2
xi
)(σ2yc+ǫ
2
yi
)
exp{− 12 [
(µxi−µxc)2
σ2xc+ǫ
2
xi
+
(µyi−µyc)2
σ2yc+ǫ
2
yi
]}
where µxi and µyi are the proper motions in right ascension and
declination, respectively while ǫxi and ǫyi are the corresponding
errors in the proper motions of ith star. Here, proper motion of the
cluster center are µxc and µyc with dispersion σxc and σyc. Further
we define
φν
f
(i) = 1
2π
√
(1−γ2)
√
(σ2
x f
+ǫ2
xi
)(σ2
y f
+ǫ2
yi
)
exp{− 1
2(1−γ2)
[
(µxi−µx f )2
σ2
x f
+ǫ2
xi
− 2γ(µxi−µx f )(µyi−µy f )√
(σ2
x f
+ǫ2
xi
)(σ2
y f
+ǫ2
yi
)
+
(µyi−µy f )2
σ2
y f
+ǫ2
yi
]}
where µx f and µy f are the field proper motion with dispersion σx f
and σy f . The correlation coefficient γ is defined as
γ =
(µxi−µx f )(µyi−µy f )
σx f σy f
From the VPD of the cluster, we considered 462 stars within the
circle as probable cluster members and remaining 3500 stars as
probable field members. We thus determined nc = 0.12 and n f =
0.88. We obtained the mean proper motions within the circular re-
gion as µxc=-0.09 mas yr
−1 and µyc=-3.36 mas yr−1 with corre-
sponding dispersion σxc = 0.28 mas yr
−1 and σyc = 0.26 mas yr−1.
The mean proper motions of the probable field stars were found
as µx f=0.94 mas yr
−1 and µy f=-2.55 mas yr−1 with corresponding
dispersion σx f = 2.86 mas yr
−1 and σy f = 3.58 mas yr−1. Using
the above formulae, we estimated membership probabilities of all
the stars lying within the cluster region except 91 stars which have
no proper motion information available in the Gaia DR2 data.
4.2 Parallax criteria on membership selection
An additional check on our selection of cluster members is done
through parallax measurements (ω) provided by the Gaia DR2 cata-
logue. In Figure 3, we illustrate histogram of the parallax measure-
ments of these 462 probable members. Here, we used only those
stars for which error in parallax was smaller than 0.2 mas. The
mean value of the parallax is derived by fitting a Gaussian profile
on the histogram shown by a continuous line in the figure. The peak
and standard deviation σ of the parallax distribution are found to be
0.83 mas and 0.05 mas, respectively as estimated from the best fit
Gaussian profile.
Recently, Lindegren et al. (2018) reported a general offset in
Gaia parallaxes by -0.029 mas though there is also some evi-
dence that the offset increases for the distances larger than 1 kpc
(Stassun & Torres 2018; Lohr et al. 2018). This has been further
confirmed by many other surveys although with slightly differ-
ent values (e.g., Schönrich et al. 2019; Zinn et al. 2019). Apply-
ing this offset to our estimate of mean parallax, we found a mean
parallax of 0.86±0.05 mas which corresponds a distance of ∼
1.17±0.06 kpc [(m− M)0 = 10.33± 0.11 mag] for the cluster. Our
estimate from Gaia DR2 thus suggests a slightly smaller distance
for NGC1960 than the distance of 1.32±0.12 kpc obtained by
Sanner et al. (2000), 1.31 kpc obtained by Kharchenko et al. (2005)
and 1.33 kpc obtained by Sharma et al. (2006); Wu et al. (2009).
To further isolate cluster members from the contamination of
field stars, we used mean cluster parallax as a second check. We
eliminated all those stars which deviate from the mean parallax
by more than 3σ. We thus found 263 stars out of 462 stars which
lie within this region. Interestingly, we found membership proba-
bilities of all these stars above 60% except three stars for which
membership probability lies in between 48 to 52%. As in some
previous studies (e.g., Rozyczka et al. 2017) it was suggested that
even if membership probability based on proper motions is slightly
smaller but star has higher geometric probability (position with re-
spect to cluster center) and photometric probability (location in the
colour-magnitude diagram), the star could still be a cluster member.
We therefore further examined these 3 stars on the basis of their
spatial positions, locations in the (B−V)/V and (V − I)/V colour-
magnitude diagrams and (U − B)/(B−V) colour-colour diagram.
Two of these three stars are found to be good candidates for the
cluster members. Therefore, we considered 262 stars as the cluster
members which are used in the subsequent analysis.
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Table 5. The photometric parameters given for 262 cluster members. Membership probability estimated through kinematic study is given in the last column.
ID RA DEC V (B−V) (ω) µRA µDec Prob
(J2000) (J2000) (mag) (mag) (mas) (mas yr−1) (mas yr−1)
0003 05:36:39.24 +34:03:50.1 9.060 0.022 0.789±0.062 0.104±0.107 -3.864±0.075 0.74
0004 05:36:31.99 +34:10:47.2 9.090 0.010 0.756±0.050 0.299±0.100 -3.491±0.075 0.87
0006 05:36:22.59 +34:08:02.0 9.150 -0.002 0.782±0.065 -0.151±0.131 -3.451±0.097 0.94
0007 05:36:42.30 +34:12:06.0 9.250 0.050 0.764±0.058 0.159±0.107 -3.519±0.081 0.92
0009 05:36:21.94 +34:08:08.2 9.374±0.031 0.008±0.042 0.940±0.064 -0.134±0.128 -3.504±0.097 0.94
. . . . . . . . . . . . .
. . . . . . . . . . . . .
. . . . . . . . . . . . .
3548 05:35:38.97 +34:12:34.6 20.176±0.140 - 0.829±0.470 0.192±0.824 -3.220±0.711 0.68
3902 05:36:46.69 +34:16:58.5 20.650±0.337 - 0.702±0.379 -0.524±1.014 -3.445±0.712 0.66
Figure 3. The parallax distribution of 462 stars shown in encircled region
in Figure 1. The bin size is taken as 0.04 mas. The thick line represents
the best fit Gaussian profile. The two vertical dotted lines exhibit 3σ cut-off
limits around the peak value.
4.3 Mean proper motions of the cluster
To estimate the mean proper motions, we draw an histogram of
proper motions of 262 cluster members in the x- and y- directions
in Figure 4. We fit a Gaussian profile in the distributions and mean
value of the proper motion is estimated corresponding to the peak
in the distribution. The mean proper motions in right ascension (µ¯x)
and declination (µ¯y), respectively are found to be
µ¯x = −0.143±0.008 mas/yr, µ¯y = −3.395±0.008 mas/yr
The mean proper motion of the cluster is determined as (µ¯2x+ µ¯
2
y)
1/2
which is found to be 3.398±0.011 mas yr−1. From the radial-
velocity measurement of 114 stars computed from the Tycho-2 cat-
alogue, Loktin & Beshenov (2003) estimated a proper motions of
µ¯x = 0.99± 0.17 mas/yr and µ¯y = −3.96± 0.15 mas/yr for the clus-
ter. Kharchenko et al. (2005) have also determined the mean proper
motions for this cluster as 0.50 mas/yr and −4.94 mas/yr in RA and
DEC directions, respectively. It is thus found that previous reported
values in the literature were slightly overestimated.
The sample of cluster members in NGC1960 is given in Ta-
ble 5 which provides star ID, magnitude, colour, parallax, mean
proper motions and membership probabilities for these stars and
full catalogue is available online.
Figure 4. Proper motion histograms with a bin size of 0.05 mas yr−1 for the
262 cluster members. The Gaussian fit shown by thick continuous lines are
drawn to determine mean proper motions of the cluster NGC 1960.
5 BASIC PARAMETERS OF NGC1960
5.1 Extinction measurement
5.1.1 Reddening in optical bands
The reddening, E(B−V), in the field of cluster NGC1960 can be
estimated using the (U − B) vs (B−V) two-colour diagram (TCD).
In our list of 262 cluster members, we found only 185 stars for
which simultaneous U, B and V magnitudes are available. In Fig-
ure 5, we illustrate (U − B)/(B−V) diagram for these stars. Here,
we also draw Schmidt - Kaler (1982) zero-age-main-sequence in
the figure by a solid line. Lacking any prior estimate of the metal-
licity in the literature, we conservatively adopted a solar metal-
licity for the cluster. To determine the reddening, we primarily
focus on those stars which have spectral type earlier than A0 as
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Figure 5. The (U−B,B−V) colour-colour diagram for the cluster members
for which simultaneous UBV magnitudes are available. Here, open circles
represent the stars having photometric errors larger than 0.05 mag in U ,
0.015 mag in B and 0.01 mag in V bands. The dashed arrow represents the
slope (0.84±0.02) and direction of the reddening vector. The solid line rep-
resents the Zero-Age Main Sequence taken from Schmidt - Kaler (1982).
later type stars may be more affected by the metallicity and back-
ground contamination (Hoyle et al. 2003). We found a reddening
vector of E(U − B)/E(B−V) = 0.84± 0.02 in the direction of this
cluster which is slightly larger than the standard reddening law
of E(U − B)/E(B−V) = 0.72 given by Johnson & Morgan (1953).
From the visual best fit in the (U − B) vs (B−V) diagram, we es-
timated a reddening E(B− V) = 0.24 ± 0.02 mag. The photomet-
ric study of NGC1960 by Sharma et al. (2006) suggested a non-
uniform reddening across the cluster region which is apparent in the
distribution of stars in the (U −B)/(B−V) diagram. Our reddening
estimate is consistent with the 0.22 mag obtained by Sharma et al.
(2006) and 0.25±0.02 given by Sanner et al. (2000) but larger than
0.20±0.02 mag determined by Mayne & Naylor (2008). Assuming
a standard reddening law, the colour-excess E(V − I) was estimated
as 0.30± 0.02 mag using the relation E(V − I) = 1.25 × E(B−V)
(Cardelli et al. 1989).
5.1.2 Reddening in near-IR bands
Since NGC1960 is a young open cluster and possibly still embed-
ded in the parent molecular cloud, it would be more appropriate
if we determine reddening in only near-IR bands. We therefore
draw the (J − H)/(J − K) colour-colour diagram which is shown
in Figure 6. We also overplot Marigo isochrones of solar metallic-
ity (Marigo et al. 2017) by shifting the line in the direction of red-
dening vector. A best fit was achieved by shifting E(J −H) = 0.07
mag with the ratio
E(J−H)
E(J−K) = 0.65 for the cluster. The reddening
vector derived in the present study is slightly higher than the usual
interstellar extinction ratio of 0.55 given by Cardelli et al. (1989).
E(B−V) can be estimated from the near-IR reddening using the
following relation:
E(J −H) = 0.309×E(B−V)
The reddening E(B−V) was determined as 0.23 mag for the clus-
ter NGC1960. It is thus found that the reddening E(B−V) derived
from the near-IR photometry is in excellent agreement with the
value derived from the optical photometry. Although there is some
Figure 6. The (J − H)/(J − K) diagram for cluster members. Here, open
circles represent the stars which have photometric error larger than 0.05
mag in J, 0.15 mag in H and 0.15 mag in K bands. The solid line represents
the best fit solar metallicity isochrones.
evidence of non-uniform extinction present in this cluster from the
optical TCD but a consistent reddening measurement between the
optical and near-IR bands suggests that non-uniform or differential
extinction is not significant within the cluster.
5.2 Colour-magnitude diagrams and age determination
Colour-magnitude diagrams (CMDs) are the most effective tool to
determine distance and age of the cluster provided we know the
reddening in the direction of the cluster. As we have already de-
termined precise distance of the cluster from the parallax mea-
surements of the cluster members and reddening E(B − V) and
E(V − I) from the TCDs, we now turn to the determination of age
of the cluster through comparison of observed CMDs to the the-
oretical isochrones. In Figure 7, we draw simultaneous (B−V)/V
and (V − I)/V CMDs. Here, we do not consider those stars that
have large photometric errors of eB> 0.10 mag and eV > 0.05 mag.
The main sequence of the cluster is clearly evident in both CMDs
which also implies that the membership selection based on the
kinematic measurements is quite robust. We overplot Marigo’s the-
oretical isochrones for solar metallicity (Marigo et al. 2017) on the
CMDs by varying age simultaneously in both CMDs while keep-
ing reddening E(B−V) = 0.24 mag and E(V − I) = 0.30 mag fixed
as determined in Section 5.1.1. The distance modulus is also kept
fixed to (m−M)0 = 10.33 mag as obtained through Gaia DR2 paral-
laxes of the member stars. From the best visual isochrone fit to our
CMDs with varying age to the blue edge of the stellar population
of the main-sequence stars, we obtained log(Age/yr) = 7.44± 0.02
for the cluster NGC1960. The CMDs show a well populated but
broad main sequence that may be due to the presence of binary
stars within the cluster or variable reddening which we have also
noticed through the scattering in (B−V)/(U− B) diagram in Sec-
tion 5.1.1. Therefore, to illustrate the binary effect, we also draw
the same isochrones through red sequence by shifting 0.75 mag in
V magnitude and 0.042 in (B−V) and (V− I) colours in comparison
of their blue sequences.
Based upon photometric observations, the age of the clus-
ter NGC1960 has been earlier estimated as 25.1 Myr by SHA06,
Wu et al. (2009) and 26.3+3.2−5.2 Myr by Bell et al. (2013) which are
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Figure 7. The lower and upper panels show (B − V)/V and (V − I)/V
CMDs for cluster members, respectively. The open circles represent stars
containing photometric errors eV > 0.02 mag. The solid lines represent
blue and red sequences of the best fit solar metallicity isochrones for
log(Age)=7.44±0.02. Here, distance modulus is taken as (m − M)0 =
10.33 ± 0.11 obtained through the Gaia DR2 parallaxes and reddening
E(B−V) = 0.24±0.02 from the (U −B)/(B−V) diagram. The two dashed
black lines around the blue sequence represent the error of 0.02 mag in the
reddening E(B−V).
consistent with the present estimate of 27.5+1.3−1.2 Myr. However,
Sanner et al. (2000) determined a relatively smaller age (16.3+10−5
Myr) for this cluster albeit with very large uncertainty. Though
isochrone fitting is often used to estimate the age of the cluster
in the absence of more valuable but lesser available spectroscopic
observations but it should be kept in mind that determining pre-
cise age through isochrone fitting in clusters, when no evolved
stars are found, is relatively difficult as it lends a larger uncertainty
(e.g., Sagar et al. 2001). Using the spectroscopic data, Jeffries et al.
(2013) determined age of this cluster as log(t/yr)=7.34±0.08 (∼
22± 4) for the cluster through the luminosity of the stars that have
not yet consumed their lithium. Their age estimation is though
slightly smaller in comparison of the other estimates which is
not surprising considering lithium depletion boundary (LDB) is
quite sensitive to the choice of evolutionary models (Jeffries et al.
2013). For example, Dahm (2015) reported an age of 112±5 for
the Pleiades cluster using the LDB method which is well below the
commonly found age of ∼ 125Myr for this young cluster. Similarly,
in a recent study by Martín et al. (2018) on the Haydes cluster ap-
plying the same approach, they provided a range of ages between
440 to 940 Myrs for the Haydes employing four different evolu-
tionary models.
Figure 8. The (λ-V)/(B-V) two-colour diagrams for the cluster members
where λ is R, I, J, H, and K bands from the bottom to top panels. The open
circles represent stars having photometric errors eV > 0.02 mag. The thick
continuous lines represent best fit slopes in each plot.
5.3 Extinction law
Generally, normal reddening law is applicable when dust and inter-
mediate stellar gases are absent in the line of sight of the cluster
(Sneden et al. 1978). However, reddening law is expected to be dif-
ferent in the presence of dust and gas. The (V − λ)/(B−V) TCDs
have been widely used to see the influence of the extinction gen-
erated by the diffuse interstellar material from that of the intra-
cluster medium (Chini & Wargau 1990). We investigated the nature
of reddening law towards the cluster direction using (V−λ)/(B−V)
TCDs, where λ is R, I, J, H, and K bands. We illustrate the
(V − λ)/(B−V) diagrams for the cluster members in Figure 8. A
best linear fit in the TCD for the cluster members gives the slope
(mcluster) in the corresponding TCD. The resultant values of the
mcluster are listed in Table 6 along with their normal values. Our
slopes are quite comparable with those obtained for the diffuse in-
terstellar material which suggests a normal reddening law in the
direction of the cluster region.
A total-to-selective extinction Rcluster is determined using the
relation given by Neckel & Chini (1981) as
Rcluster =
mcluster
mnormal
×Rnormal.
Rnormal is known to be correlated with the average size of the dust
grains causing the extinction. The typical value for Rnormal is 3.1 for
the diffuse interstellar material in our Galaxy (Cardelli et al. 1989).
Using Rnormal = 3.1, we determined Rcluster in these five colours
and given in Table 6. The global mean value of Rcluster is estimated
to be 3.10±0.06 for the cluster NGC1960 which is in excellent
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Table 6. The slopes of (V − λ)/(B−V) two-colour diagrams and total-to-
selective extinction Rcluster in the direction of the cluster.
TCD mcluster mnormal Rcluster
V−R
B−V 0.59±0.01 0.55 3.33
V−I
B−V 1.12±0.01 1.10 3.16
V−J
B−V 1.86±0.01 1.96 2.94
V−H
B−V 2.39±0.01 2.42 3.06
V−K
B−V 2.52±0.01 2.60 3.00
Table 7. The basic physical parameters for NGC 1960 as determind in the
present study.
Cluster parameters Values
Ncluster 262
µ¯α (mas/yr) -0.143±0.008
µ¯δ (mas/yr) -3.395±0.008
ω (mas) 0.831±0.048
E(B−V)(mag) 0.24±0.02
Total-to-selective extinction 3.10±0.06
(m−M)0 (mag) 10.33±0.11
Distance (kpc) 1.17±0.06
Diameter (pc) 9.80±0.02
log(Age/yr) 7.44±0.02
agreement with the normal extinction law in the direction of the
cluster. This suggests that there is no discernible anomalous red-
dening in the cluster region.
The basic parameters of the cluster NGC1960 derived in the
present study are summarized in Table 7.
6 DYNAMICAL STUDY OF THE CLUSTER
In order to understand the dynamical behaviour of the cluster
NGC1960, the luminosity function, mass function and mass seg-
regation process are examined in the following sub-sections.
6.1 Luminosity function
The luminosity function (LF) is defined as the total number of clus-
ter members in different magnitude bins. However, estimation of
LF using a complete sample of cluster stars is not straight forward,
as many biases and uncertainties are involved in its determination
(e.g., Luhman 2012; Offner et al. 2014). For example, the data in-
completeness increases with the fainter magnitudes. However, it is
better than 90% up to 19 mag in SHA06 and it is further improved
in the present catalogue as we added more photometric data to the
central region of the cluster. Hence we assumed that the photometry
presented here are not affected by the data incompleteness for the
stars brighter than 19 mag which we considered to determine the
LF. We found 229 cluster members between the magnitude limit 9
to 19 mag in the V-band. The LF was estimated in a bin width of 1
mag. We estimated the mass of each star photometrically by com-
paring its colour and magnitude from the theoretical isochrones of
solar metallicity (Marigo et al. 2017) for the estimated log(t/yr) =
7.44, extinction E(B−V) = 0.24 mag, and (m−M)0 = 10.33 mag.
Table 8. Luminosity and Mass functions in the cluster NGC 1960 for the
stars V ≤ 19 mag. Here, φ = dN/d log(m¯) is the number of stars per unit
logarithmic mass.
V range Mass range Nc m¯ log(m¯) log(φ) σ[log(φ)]
(mag) (M⊙) (M⊙)
9-10 7.32-5.66 8 6.56 0.817 1.854 0.354
10-11 5.64-4.00 9 4.83 0.684 1.781 0.333
11-12 3.98-2.76 12 3.29 0.518 1.880 0.289
12-13 2.75-1.93 21 2.23 0.348 2.137 0.218
13-14 1.92-1.52 28 1.72 0.236 2.437 0.189
14-15 1.52-1.26 40 1.40 0.147 2.708 0.158
15-16 1.26-0.99 38 1.10 0.041 2.565 0.162
16-17 0.99-0.89 33 0.94 -0.027 2.866 0.174
17-18 0.89-0.79 23 0.85 -0.072 2.668 0.209
18-19 0.79-0.72 25 0.76 -0.120 2.805 0.200
The mass for each cluster member was determined from its near-
est neighbour on the selected isochrones. In Table 8, we provide
mass range, mean mass and cluster members in different brightness
range for the cluster.
6.2 The present-day mass function
The initial mass function (IMF), i.e. the frequency distribution of
stellar masses at the time of birth, is a fundamental parameter in
the study of star formation and evolution in the cluster. It represents
the distribution of stellar masses per unit volume in a star formation
event and knowledge of IMF is very effective to determine the sub-
sequent evolution of the cluster. The direct measurement of IMF is
not possible due to dynamical evolution of stellar systems though
we can estimate the present-day mass function (MF) of the cluster.
Since the age of the cluster NGC1960 is relatively young (∼ 27
Myr), the present-day MF can be considered as IMF (Kumar et al.
2008). The MF is defined as the relative numbers of stars per unit
mass and can be shown by a power law N(logM) ∝ MΓ. The slope,
Γ, of the MF can therefore be determined as
Γ =
d logN(logm)
d logm
where N log(m) is the number of stars per unit logarithmic mass. In
last two columns of Table 8, we provide MF and corresponding er-
ror for different magnitude bins. The MF in the cluster fitted for the
main-sequence stars with masses 0.72 ≤ M/M⊙ ≤ 7.32 is shown in
Figure 9. The error bars are determined assuming Poisson statistics
which shows considerably large value due to lower number of stel-
lar counts in each bin. The MF slope is found to be -1.26±0.19 with
a Pearson correlation coefficient of 0.96. The quoted uncertainty in
the MF slope come from the linear regression solution in the fit. In
the present estimation of MF, the effect of field star contamination
is considered to be negligible due to fact that only cluster members
are used in the study. Our estimated MF slope is in excellent agree-
ment with the Salpeter MF slope of -1.35 (Salpeter 1955). However,
Sharma et al. (2008) reported a stepper MF slope (Γ=−1.80±0.14)
in this cluster for the narrower mass range of 1.01 < M/M⊙ < 6.82
relying on the approach based on the statistical subtraction of stars
to find the probable cluster members.
To further probe the mass segregation in the cluster, we in-
vestigated the radial variation in the mass function slope. We deter-
mined MF values for two separate regions containing central region
up to 5′ from the cluster center and outer region in between 5′ to
14′ which contains 138 and 97 stars, respectively. In Figure 10, we
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Figure 9. MF derived for the cluster NGC1960. The error bars represent
1/
√
N errors. The continuous line is the best fit to the mass range 0.72 ≤
M
M⊙ ≤ 7.32. The estimated MF slope is given at the top of the plot.
illustrate MF variation in these two regions separately. The esti-
mated slopes of the MFs in the inner and outer regions are given at
the right corner of each plot in Figure 10. The mass function slopes
differ from each other by more than 1σ, where σ is the error associ-
ated with the slope. As can be seen from the figure, the MF slope in
the inner region is clearly flatter than the outer region while overall
MF slope is in remarkable agreement with the Salpeter value. This
again suggests that the mass segregation process is taking place in
the cluster.
6.3 Dynamical evolution
The dynamical evolution of a star cluster is primarily characterised
by the mass segregation, tidal radius, crossing time, and relaxation
time which are briefly discussed below.
6.3.1 Mass segregation
The dynamical evolution gradually drives the system towards
equipartition resulting the low mass stars attaining higher ve-
locities hence occupying larger orbits around the cluster cen-
ter (Mathieu & Latham 1986). This process, commonly known as
mass segregation, results in accumulating more massive stars to the
core and low-mass stars to the peripheral region of the cluster. Fi-
nally, low-mass cluster members, which acquire large enough ve-
locity from the equipartition of energy, are escaped away from the
cluster’s tidal field resulting change in the morphology of the spa-
tial mass distribution in the cluster (Sagar et al. 1988).
To study the mass segregation in the cluster NGC1960, we
draw the variation of cumulative number in Figure 11 for the
cluster members along the radial distance in three different mass
bins of M/M⊙ ≤ 1.1 (92 stars), 1.1 < M/M⊙ ≤ 1.5 (64 stars), and
M/M⊙ > 1.5 (81 stars). The mass ranges are selected in order to get
enough statistical sample in each bin. From the radial variations
of stars in these three mass bins, it is quite evident that the massive
stars are dominant in the core of the cluster while lowmass stars are
distributed in the outer region. This result agrees with the theoret-
ical expectations of mass segregation effect within the cluster. We
also performed Kolmogorov-Smirnov (K-S) test of these distribu-
Figure 10. Same as Figure 9 but for the regions between 0-5 arcmin (inner
region) and 5-14 arcmin (outer region) from the cluster center.
Figure 11. The variation of cumulative distribution of cluster members in
radial bins relative to the cluster center. The distribution is estimated for
three different mass ranges as given at the top of the plot along with total
number of cluster members in each mass bin.
tions to examine whether they are statistically different or not and
conclude with 95% confidence level that mass segregation effect in
the cluster NGC1960 is present.
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6.3.2 Tidal radius
The study of tidal interactions in the open clusters plays an impor-
tant role in understanding the initial structure and dynamic evolu-
tion of the clusters (Chumak et al. 2010; Dalessandro et al. 2015).
The tidal radius is described as the radial distance from the clus-
ter center where gravitational acceleration caused by the cluster
is almost equal to the tidal acceleration caused due to the Galaxy
(von Hoerner 1957). It is believed that the stars are generally grav-
itationally bound to the cluster within the tidal radius due to effec-
tive potential of the cluster. Kim et al. (2000) provided following
relation to determine tidal radius
Rt =
(
MC
2MG
)1/3
×RG
Where Rt is the tidal radius, MC is the total cluster mass and MG is
the mass of the Galaxy within the Galactocentric radius RG. Given
the uncertainties in the actual masses and extent of the clusters,
tidal radii are often poorly determined. Using the cluster Galactic
positions and distance, we obtained the Galactocentric distance of
the cluster NGC1960 as RG = 9.25 kpc. Here, R⊙, the distance be-
tween the Sun and the Galactic Centre, is considered as 8.0±0.3 kpc
(Honma et al. 2012; Camarillo et al. 2018). It is difficult to estimate
an accurate value of MC without identifying all the low-mass mem-
bers. Nonetheless, we can still make a relatively good estimate from
our data because we identify cluster members down to V = 20.65
mag having mass as low as 0.49 M⊙. Using the 262 main-sequence
stars within 0.49 ≤ M/M⊙ ≤ 7.32 obtained in the present analysis,
MC is estimated to be ∼ 416.7 M⊙ which yields a mean stellar mass
of ∼ 1.6 M⊙. Employing the relation given by Genzel & Townes
(1987), MG was estimated to be ∼ 1.57×1011 M⊙. Using the above
given relation, we obtained the tidal radius as 10.1 pc. Any star
beyond this radius would be gravitationally unbound to the cluster
NGC1960. Piskunov et al. (2008) reported a slightly larger value
of tidal radius as Rt = 10.6± 1.6 pc for the cluster. This is well un-
derstood since they used a larger Galactocentric distance for the
Sun which consequently has increased their assessment of tidal ra-
dius.
6.3.3 Cluster half-radius and Crossing time
The cluster half-radius, Rh, is defined as the radius within which
half of the total cluster mass lies. Sometimes it is also called half-
mass radius. To determine Rh, we estimated cumulative mass of
the stars by increasing radial distance from the cluster center. We
select the radial distance where we found half of the total cluster
mass. This results a Rh of 6.5 arcmin for the cluster which corre-
sponds to a linear radius of 2.26 pc. As we earlier obtained a cluster
radius of 4.90 pc for NGC1960, the cluster half-radius is found to
be slightly smaller but comparable in comparison of the half of the
cluster linear radius.
The crossing time (tcr) defined as a time in which a star with
a typical velocity travels through the cluster under the assumption
of virial equilibrium:
tcr =
√
2R3
h
GMC
(e.g., Spitzer 1987; Lamers et al. 2005) where Rh is the half-mass
radius, Mc is the total cluster mass and G is the gravitational con-
stant. We determined tcr=3.50 Myr for the cluster NGC1960. For a
cluster having an age of ∼ 27.5 Myr, this corresponds to ≈ 8 cross-
ings since the formation of the cluster. It is generally believed that
Table 9. Parameters determined from the dynamical study of cluster
NGC 1960.
Total cluster mass (MC ) 416.7 M⊙
Mean stellar mass (m¯) 1.6 M⊙
Cluster half-mass radius (Rh) 2.26 pc
Tidal radius (Rt) 10.1 pc
Relaxation time (TE) 19.2 Myrs
Crossing time (Tcr) 3.3 Myrs
after several crossing times, the cluster obtains a virial equilibrium
(e.g., Allison 2012) and becomes dynamically relaxed.
6.3.4 Relaxation time
The dynamical relaxation time, TE , is the time in which individual
cluster members exchange energies and their velocity distribution
approaches Maxwellian equilibrium. The TE corresponds to the
time over which the cumulative effect of stellar encounters becomes
comparable to the star’s velocity itself (Dotti & Fernández Tío
2019) and can be expressed as
TE =
0.89× (NR3
h
/m¯)1/2
ln(0.4N)
where N is the total number of cluster members, Rh is the half-
radius (in parsecs), m¯ is the mean stellar mass (in solar units) and
TE is the relaxation time in Myr (cf., Spitzer & Hart 1971). Con-
sidering the mean stellar mass of 1.6 M⊙ and cluster half radius of
2.26 pc, we obtained dynamical relaxation time TE = 19.2Myr for
the cluster NGC1960 which is very close to the present cluster age
of about 27Myr. The star clusters generally become dynamically
relaxed after few relaxation times Sharma et al. (2008). However,
a half-mass radius comparable to the half of the cluster radius be-
sides relaxation time comparable to present cluster age suggest that
NGC1960 is not completely dynamically relaxed as yet and mass
segregation is still an ongoing process in the cluster.
A summary of the parameters obtained in the present study
from the dynamical study of the cluster NGC1960 is given in Ta-
ble 9.
7 IDENTIFICATION OF VARIABLE STARS
As stated in Section 3, we accumulated 235 frames in the V band
on 43 nights for the central 13′×13′ field of the cluster NGC1960.
We used this time-series photometric data to search for the variable
stars in the cluster. Though we identified 3962 stars within 14′ ra-
dius of the cluster, we found only 1386 stars in the central 13′×13′
target field of the ST. It should be noted here that due to varying
sky conditions during various observing runs, and different expo-
sure times in different frames, not all the stars could be identified
in all the frames. As we have carried out absolute photometry on
the night of 30 November 2010, we converted instrumental mag-
nitudes of the stars into the corresponding absolute magnitudes on
each night by applying the necessary photometric corrections as
following.
V = a× v+b
where V and v are the photometric magnitude on the night of stan-
dardization and instrument magnitude of the same star on the target
frame. In each frame, we considered more than 100 stars. The co-
efficients a and b in each frame were calculated by a least square
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linear fit using the non-saturated stars brighter than 15 mag. Here,
the color term was not used as it was found to be insignificant. We
then searched for the stellar variability in 1386 stars by looking for
the magnitude variations over entire monitoring period.
It was noticed that due to changes in observing conditions dur-
ing our observations, there was a large variation in the data quality
of the photometric light curves. Before analysing variable stars, we
therefore carefully eliminated possible outliers from the photomet-
ric data. In few cases, some points were removed on the basis of
extreme excursions from the mean value. We considered only those
stars which fall within 10 pixels from the edge of the target image
and present in more than 50 images.
7.1 Periodic variables
In order to search for periodic variables, the time-series V band
magnitudes of all the 1386 stars were subjected to the periodicity
analysis. We used Lomb-Scargle algorithm (Lomb 1976; Scargle
1982) within the software PERIOD04 (Lenz & Breger 2005), es-
pecially dedicated to the statistical analysis of large astronomical
time series data containing gaps and to extract the individual fre-
quencies from the multi-periodic content of the time-magnitude
variation. This method computes the Fourier power spectrum by
fitting sine and cosine terms over a large number of frequencies
in the given frequency range. Only stars that lied within V < 19.5
were considered for the variability search since photometric mag-
nitudes have relatively large errors towards the fainter end. It is
noticed that many spurious variables were also detected with peri-
ods in harmonics of 1 sidereal day i.e. at period of 1 sidereal day/n
where n=2,3,4,.... We also did not consider those periodic variation
where amplitude variation was smaller than the mean uncertainty
in the data points.
Phase for each potential variable star was calculated using the
following equation:
Phase =
(
JD− JD0
P
)
− INT
(
JD− JD0
P
)
Where JD is the time of observation, JD0 is an arbitrary epoch of
observation. All the periodic variables were checked by reviewing
the phase folded light curves created with their periods. The light
curves of only those variables were identified that showed a good
periodic brightness variation over the entire phase.
After our final analysis of light curves, we selected a total
of 72 stars in our target field as periodic variables having a wide
range in brightness from V=9.1 mag to 19.4 mag. They have pe-
riod ranging from 41 minute to 10.74 day. A binned phase folded
light curve was constructed by producing an average of the mag-
nitude and error from the multiple data points within 0.02 phase
bins. In Figure 12, we draw phase folded light curves to illustrate
the periodic nature of these 72 variables. In some of the variables,
occasional points are scattered away from the periodic cycle which
could be due to poor observing conditions. It is evident from the
figure that most of these variables show low-amplitude periodicity
of the level of few tens of milli-mag. The main characteristics of
the variable stars are listed in Table 10 which gives identification
number, their celestial coordinates, period and type of variability.
We give their intensity averaged mean magnitude and amplitude of
brightness variation in V band. The variables are arranged in order
of increasing period. Since B magnitude of all the stars could not
estimated in the present photometry, (B−V) colour of some of the
variables could not be ascertained.
7.2 Irregular variables
Some stars found in the cluster field seem to show irregular bright-
ness variation in our observations. On careful inspection, we found
variability in four such stars for which we could not determine the
period. Either they are long-period variables or their periodic na-
ture could not be ascertained unambiguously due to our intermit-
tent observations. Such variables are assigned as irregular variables.
Among them, only two stars are classified as the cluster members.
In Figure 13, we show time-magnitude diagrams of these four stars.
Their positions, V magnitude, (B−V) and (V− I) colours along with
amplitude in V band are listed in Table 11. These stars show a vari-
ation of brightness between 0.3 mag to 1.3 mag during a short span
and could be eruptive variables which lasts from tens of seconds
to tens of minutes, and then returns to its normal level of bright-
ness on timescales of tens of minutes or hours (e.g., Chang et al.
2015). On the other hand, some of the variations could be due to
multi-periodicity pulsation in the star. We need further observations
of these kind of variables over some period of time to understand
about their physical nature.
In Figure 14, we provide a finding chart of a ∼ 13′×13′ V band
CCD frame obtained in our observations, wherein the locations of
76 variable stars identified in the present study are marked by the
circles. This manifest that most of the variables are found to be
located in the central region of the cluster.
8 CHARACTERIZATION OF VARIABLE STARS
Barring one, all the variable stars identified in the present study
are newly discovered variables. Therefore, we first determine their
physical parameters before characterize their nature.
8.1 Physical parameters of cluster variables
To check whether variable stars identified in the present study are
associated with the cluster, we cross-checked them in the list of
cluster members given in Table 5. Out of the 76 variables identi-
fied in the present study, only 22 of them belong to the cluster and
remaining 54 belong to field stars population lying in the direction
of cluster region. Among 22 variables found in the cluster, 20 are
periodic variables. As NGC1960 is a populous cluster field in the
Galactic plane, it is not surprising that many variables detected by
us are actually field stars.
As all the 20 variables fall in the main-sequence of the clus-
ter, we determined their physical parameters using the well known
relations. The intrinsic magnitude and color of the cluster variables
are determined using the distance modulus (m−M)0 = 10.33 mag
and extinction E(B−V) = 0.24 mag as estimated in Sect. 5. The ef-
fective temperature Te f f of the star was determined from (B−V)0
using the relation given by Torres (2010). For two stars, (B−V)0
was not available so we transformed (V − I)0 to (B− V)0 using
the standard colour equation. We estimated bolometric magnitude,
Mbol, of each star using the relation Mbol = MV + BC where BC
is the bolometric correction that was estimated using the Te f f .
The luminosity of the variable stars were estimated using the re-
lation log (L/L⊙) = −0.4(Mbol − Mbol⊙ ) where Mbol⊙ is the bolo-
metric magnitude of the Sun which was taken as 4.73 mag (Torres
2010). The parameters, luminosity [log (L/L⊙)], bolometric mag-
nitude (Mbol), effective temperature (Te f f ) and bolometric correc-
tion (BC), estimated for the 20 periodic variables assigned as clus-
ter members are listed in Table 12. Stellar masses of these peri-
MNRAS 000, 1–?? (2019)
Photometric, kinematic and variability study in the young open cluster NGC 1960 13
Figure 12. The phased light curves of 72 periodic variables found in the field of NGC1960. The star ID is given at the top of each individual light curve. Phase
is plotted twice and in such a way that the minimum brightness falls near to zero phase.
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Table 10. The details of the 72 periodic variables found in the cluster NGC 1960. The variable stars identification are sorted in the order of increasing period.
The columns give variable sequence, cluster ID, X, Y, RA, DEC, V band mean magnitude, (B−V) and (V − I) colours, period, uncertainty in period, amplitude
of variation in V band, and epoch of minimum light (JD-2450000). Last column gives the membership status of the variable star.
No. ID RA (J2000) DEC (J2000) V (B-V) (V-I) Period σ(Period) AV N T0 Membership
(hh:mm:ss) (dd:mm:ss) (mag) (mag) (mag) (day) (day) (mag) (day)
V01 2549 05:35:50.59 +34:12:05.7 19.338 1.875 2.258 0.02856 0.00001 0.17 45 5531.34792 Field
V02 1671 05:36:28.94 +34:04:44.9 18.472 1.139 1.356 0.04592 0.00067 0.09 147 5129.38877 Field
V03 420 05:35:42.66 +34:05:28.4 15.501 0.751 0.897 0.05045 0.00001 0.09 46 5134.32933 Field
V04 114 05:36:03.57 +34:15:36.3 12.979 0.263 0.345 0.05763 0.00001 0.04 73 5134.33068 Field
V05 1918 05:35:49.30 +34:14:48.3 18.661 1.273 1.487 0.06214 0.00001 0.12 69 5247.07428 Field
V06 890 05:36:22.17 +34:01:53.9 17.047 1.022 1.283 0.06487 0.00001 0.06 50 5201.11301 Field
V07 1469 05:36:19.69 +34:04:49.5 18.219 1.067 1.211 0.06930 0.05309 0.09 161 5129.38162 Field
V08 1287 05:36:08.85 +34:11:40.0 18.423 - 1.270 0.07584 0.00001 0.23 41 5143.29719 Field
V09 1184 05:36:47.28 +34:09:28.5 17.691 1.128 1.288 0.10021 0.00001 0.11 60 5129.35413 Field
V10 535 05:36:30.78 +34:15:20.3 15.849 1.845 2.056 0.10036 0.00001 0.06 45 5134.27946 Field
V11 181 05:36:36.73 +34:14:29.1 13.803 0.695 0.972 0.10375 0.00001 0.08 127 5129.38467 Field
V12 2052 05:35:52.85 +34:08:01.2 18.832 1.143 1.346 0.11639 0.00046 0.16 118 5531.31584 Field
V13 1978 05:35:46.69 +34:02:09.6 18.756 1.214 1.424 0.11703 0.00001 0.19 52 5868.37142 Field
V14 2000 05:36:16.59 +34:07:10.6 19.095 - 1.833 0.12555 0.00002 0.20 60 5853.39800 Field
V15 2542 05:35:57.89 +34:14:16.4 19.303 1.383 1.811 0.12789 0.00002 0.28 46 5531.34199 Field
V16 2338 05:35:53.24 +34:15:34.0 19.200 1.365 1.426 0.13360 0.00002 0.19 42 5895.17996 Field
V17 779 05:35:47.92 +34:05:13.8 16.710 0.989 1.074 0.14993 0.00002 0.05 188 5129.25166 Field
V18 670 05:35:48.00 +34:12:41.1 16.341 0.699 0.841 0.15751 0.00013 0.04 174 5134.30299 Field
V19 828 05:35:58.87 +34:08:25.4 16.804 1.170 1.456 0.17074 0.00003 0.05 188 5129.35734 Field
V20 1632 05:36:18.71 +34:06:40.1 18.299 1.213 1.393 0.17256 0.00003 0.11 164 5129.36725 Field
V21 1189 05:36:46.09 +34:08:58.5 17.605 1.050 1.339 0.17794 0.00003 0.08 93 5129.40036 Field
V22 1447 05:35:44.53 +34:05:33.3 18.070 1.116 1.277 0.18175 0.00003 0.10 121 5134.24420 Field
V23 2102 05:36:17.38 +34:07:10.9 18.907 1.524 1.699 0.18471 0.00082 0.14 115 5531.19240 Field
V24 1702 05:36:15.96 +34:09:58.4 18.371 1.506 1.563 0.18769 0.00054 0.06 151 5144.33698 Field
V25 1387 05:36:01.96 +34:09:53.7 18.242 1.388 1.539 0.19029 0.00112 0.21 84 5129.40797 Field
V26 1751 05:35:56.16 +34:14:01.7 18.494 1.022 1.657 0.19421 0.00162 0.21 136 5129.24468 Field
V27 192 05:36:41.30 +34:09:29.4 14.007 0.590 0.619 0.20821 0.00016 0.03 212 5129.08380 Cluster
V28 1031 05:35:54.43 +34:11:27.8 17.295 1.056 1.617 0.21358 0.00005 0.06 200 5129.40036 Field
V29 130 05:35:47.54 +34:12:14.9 13.241 0.653 0.848 0.21400 0.00005 0.02 170 5134.28896 Field
V30 931 05:36:09.86 +34:07:06.7 17.046 1.204 1.556 0.23585 0.00021 0.06 196 5129.24659 Field
V31 915 05:36:42.60 +34:10:54.8 17.008 1.256 1.459 0.23663 0.00006 0.07 154 5129.23537 Field
V32 972 05:36:28.26 +34:08:10.3 17.133 1.250 1.629 0.23861 0.00005 0.08 193 5129.38604 Field
V33 279 05:35:51.49 +34:09:27.6 14.748 0.674 0.901 0.24272 0.00006 0.04 225 5129.32250 Field
V34 1561 05:36:25.83 +34:07:33.8 18.279 1.153 1.144 0.27196 0.00746 0.09 152 5129.28818 Field
V35 196 05:36:17.84 +34:09:14.9 13.986 0.520 0.717 0.27632 0.00008 0.03 231 5129.39834 Cluster
V36 862 05:35:48.18 +34:09:15.6 17.035 1.165 1.291 0.28555 0.00008 0.09 175 5134.30780 Cluster
V37 1687 05:36:01.54 +34:13:49.1 18.410 1.125 1.746 0.28944 0.00008 0.13 162 5129.17770 Field
V38 368 05:36:48.03 +34:12:08.8 15.176 0.913 1.004 0.29360 0.00009 0.09 80 5129.11522 Field
V39 1385 05:36:10.11 +34:11:22.4 18.405 - 1.748 0.30441 0.00014 0.16 111 5853.42912 Cluster
V40 67 05:36:16.64 +34:05:01.2 12.154 0.151 0.253 0.31143 0.00010 0.02 193 5129.40390 Cluster
V41 72 05:36:36.45 +34:04:17.5 12.271 0.178 0.230 0.32206 0.00010 0.02 186 5129.11853 Cluster
V42 1214 05:36:22.65 +34:06:42.0 17.745 1.295 1.803 0.36023 0.00019 0.11 180 5129.33547 Cluster
V43 110 05:36:33.50 +34:06:31.8 12.937 0.785 0.877 0.36430 0.02041 0.03 213 5129.14672 Field
V44 1699 05:36:15.59 +34:06:59.2 18.499 - 2.041 0.43122 0.00020 0.21 121 5144.11932 Field
V45 787 05:35:56.98 +34:07:35.8 16.808 1.148 1.363 0.43821 0.00013 0.10 111 5129.31151 Field
V46 1209 05:36:24.43 +34:05:44.8 17.769 - 2.033 0.44603 0.00020 0.15 163 5129.23164 Cluster
V47 1393 05:36:29.95 +34:08:38.1 18.051 1.080 1.427 0.45310 0.00016 0.15 170 5129.16682 Field
V48 424 05:36:17.98 +34:05:38.9 15.438 0.939 1.236 0.47483 0.00023 0.08 233 5129.39834 Cluster
V49 307 05:36:10.44 +34:08:07.0 14.959 0.709 0.869 0.51546 0.02345 0.03 226 5129.31266 Cluster
V50 456 05:35:48.61 +34:13:30.4 15.626 1.000 1.112 0.53533 0.00029 0.05 184 5134.99268 Field
V51 702 05:36:18.04 +34:09:31.0 16.414 1.069 1.398 0.55006 0.00017 0.07 208 5128.88825 Field
V52 324 05:36:39.98 +34:08:57.6 15.009 0.728 0.845 0.55157 0.00030 0.06 221 5129.01372 Cluster
V53 7 05:36:42.30 +34:12:06.0 9.133 0.050 - 0.59701 0.00036 0.07 45 5129.16055 Cluster
V54 600 05:36:44.29 +34:10:30.9 15.911 1.042 1.496 0.61996 0.00014 0.07 198 5129.05005 Cluster
V55 268 05:35:55.78 +34:10:07.7 14.729 0.674 0.872 0.63052 0.00040 0.15 218 5128.91778 Field
V56 2133 05:36:05.11 +34:04:49.1 19.079 1.425 1.582 0.75301 0.00057 0.18 46 5531.08105 Field
V57 500 05:36:13.94 +34:04:54.8 15.890 1.031 1.197 0.88339 0.00599 0.09 217 5129.20716 Field
V58 33 05:36:15.30 +34:07:12.7 10.792 0.163 0.192 0.88574 0.01984 0.04 227 5129.39834 Cluster
V59 875 05:36:36.64 +34:06:13.1 16.989 1.285 1.478 0.92678 0.00086 0.09 194 5128.82089 Cluster
V60 212 05:36:01.07 +34:07:43.7 14.144 0.567 0.745 1.02041 0.00104 0.06 234 5128.55232 Cluster
V61 200 05:35:50.85 +34:06:03.6 14.070 0.672 0.900 1.07066 0.00115 0.04 224 5129.13606 Field
V62 217 05:36:20.04 +34:09:14.7 14.186 0.574 0.682 1.07066 0.00115 0.03 231 5128.57311 Cluster
V63 203 05:36:09.47 +34:08:51.3 14.110 0.573 0.714 1.12867 0.00127 0.03 234 5129.00008 Cluster
V64 964 05:36:01.98 +34:07:36.3 17.142 0.919 1.120 1.16782 0.00014 0.05 192 5129.25309 Field
V65 678 05:36:21.99 +34:10:47.9 16.413 1.018 1.300 1.28041 0.00164 0.11 222 5128.67677 Field
V66 1472 05:36:08.45 +34:11:48.0 18.146 1.225 1.741 1.40964 0.00020 0.17 167 5128.36648 Field
V67 1279 05:36:28.74 +34:07:06.5 17.808 1.501 1.889 1.83150 0.00034 0.10 181 5129.40036 Cluster
V68 400 05:36:31.78 +34:04:12.1 15.440 0.853 0.989 2.12224 0.00045 0.07 209 5127.48751 Field
V69 1083 05:36:45.55 +34:14:07.4 17.433 1.256 1.182 4.49236 0.00202 0.10 140 5126.09630 Field
V70 330 05:35:48.79 +34:07:46.7 15.019 1.012 1.144 7.75194 0.00601 0.06 212 5123.92274 Field
V71 50 05:36:19.48 +34:12:14.8 11.564 0.187 0.252 8.41120 0.00175 0.04 218 5122.12997 Cluster
V72 1513 05:36:07.31 +34:09:41.6 18.172 1.324 1.915 10.74114 0.01154 0.19 168 5126.82180 Field
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Figure 13. The time-magnitude variation of four irregular variables found in this study.
Table 11. The parameters of four irregular variable stars identified in the cluster NGC 1960. Variables are sorted in increasing magnitude. Here, ∆V represents
the total magnitude variation between the minimum and maximum brightness.
No. ID RA (J2000) DEC (J2000) V (B-V) (V-I) ∆ V N Membership
(hh:mm:ss) (dd:mm:ss) (mag) (mag) (mag) (mag)
Ir1 0384 05:36:09.40 +34:07:25.3 15.301 0.849 0.958 0.119 237 Cluster
Ir2 1169 05:36:39.85 +34:08:19.4 17.640 1.160 1.381 0.058 183 Field
Ir3 1810 05:36:28.14 +34:06:56.7 18.620 1.572 1.950 0.298 143 Field
Ir4 2268 05:36:17.19 +34:05:42.3 19.101 1.791 2.159 0.090 67 Cluster
odic variables have been determined by placing each object on the
colour-magnitude diagram and comparing their positions with the
mass tracks of Marigo’s theoretical isochrones for solar metallicity
(Marigo et al. 2017). In Table 12, we give derived masses of these
stars where most massive variable star in the cluster is found to
have a mass of ∼ 7M⊙.
8.2 H-R diagram and classification of the cluster variables
The CMD is very useful in separating different class of variable
stars. In Figure 15, we show the position of these 20 periodic vari-
ables belonging to the cluster in the temperature-luminosity H-R
diagram. Here, we also draw theoretical isochrones of Marigo et al.
(2017) as discussed in Sect. 5.2. If we examine the locations of
these 20 variable stars in the H-R diagram of the cluster, we found
that all of them nicely fall along the main-sequence except two
or three stars which seems to be reddened cluster members. In
Figure 15, we also show the positions of various instability strips
in the H-R diagram. The theoretical instability strips for δ-Scuti,
γ-Doradus stars and slowly pulsating B stars (SPBs) are shown
by continuous, dashed, and dotted lines, respectively taken from
Balona et al. (2011a), and references therein.
In order to understand nature of these 20 periodic stars, we
assessed the classifications of variable stars by comparing their
phase-folded light curves to the exemplar light curves for different
class of variable stars. We examined the nature of their variability
based on the primary observational properties such as shape of their
light curves, periodicity, broad magnitude ranges, spectral classes,
amplitudes of the variability and locations in the H-R diagram to
the extent possible. When we inspect positions of 20 cluster vari-
ables within various instability strips in the H-R diagram as drawn
in Figure 15 as well their distinguish characteristics, we classify
(i) 2 δ-Scuti stars, (ii) 3 γ-Doradus stars, (iii) 2 SPB stars, (iv) 5
rotational variables, (v) 2 non-pulsating stars, and rest 6 stars as
miscellaneous class of variables which do not fall in any particular
category. In the following subsections, we individually describe the
nature of each variability class.
MNRAS 000, 1–?? (2019)
16 Y. C. Joshi et al.
84.18 84.12 84.06 84.00 83.94
3
4
.2
6
3
4
.2
0
3
4
.1
4
3
4
.0
8
3
4
.0
2
RA (deg)
D
e
c
 (
d
e
g
)
Ir2
V71
V70
V69
V68
V64
V61
V60
V59
V56
V55V54
V53
V52
V50
V44
V42
V40
V37
V36
V35
V32
V30
V29
V28
V27
V26
V25
V22
V21
V19
V18
V17
V16
V15
V13
V12
V11
V10
V9
V6
V5
V4
V3
V1
84.12 84.08 84.04
3
4
.2
0
3
4
.1
5
3
4
.1
0
RA (deg)
Ir4
Ir3
Ir1
V72
V67
V66
V65
V63
V62
V58
V57
V51
V49
V48
V47
V46
V45
V43
V41
V39
V38
V34
V33
V31
V24
V23
V20
V14
V8
V7
V2
Figure 14. The finding chart for the 76 variable stars identified in the field of NGC1960. The central region of the cluster marked by rectangular area is shown
in the right side of the figure. The positions of the identified variables are marked by circles along with their respective IDs as given in Tables 10 and 11.
8.2.1 δ-Scuti variables
δ-Scuti stars are p-mode pulsating variables with period smaller
than 0.3 day. They belong to spectral type between A2 to F2 and
locate within the δ-Scuti instability strips. We found two stars, V27
and V35 in the cluster whose characteristics are similar to δ-Scuti
variables. The variable V35 is located in the middle of the blue
and red edges of δ-Scuti instability strip. However, V27 is close
to the cool border of δ-Scuti instability strip which also overlaps
with the γ-Doradus instability strip. However, it has very low pe-
riod of about 0.208 d which makes it an ideal candidate for the
δ-Scuti pulsator. However, one cannot rule it out V27 as a possible
δ Scuti-γ-Doradus hybrid variable as many such hybrid candidates
are already known in the open clusters (e.g., Hartman et al. 2008;
Joshi et al. 2012) and they offer vital constraints on the stellar struc-
ture due to their simultaneous existence of two different pulsations
modes.
8.2.2 γ-Doradus variables
γ-Doradus are multi-periodic variable star pulsating in the g-
modes. These are typically young, early F or late A type main-
sequence stars with periods in the range of about 0.3 to 3 day and
brightness fluctuations ∼ 0.1 mag (Balona et al. 2011b). They fall
in a fairly small region in the γ-Doradus instability strips which is
typically below the δ-Scuti instability strip though some portion of
the instability strips of these two classes overlaps. On the basis of
physical characteristics of 20 cluster variables and their position in
the H-R diagram, we found three stars V60, V62 and V63 which
belong to the class of γ-Doradus variables. Though these three stars
lie very close to the blue edge of the δ-Scuti instability strip, but
their high period in excess of 0.56 day suggest that they could be
γ-Doradus star.
8.2.3 Slowly pulsating B type stars
SPB stars are pulsating stars having periods 0.5 day up to a few
days. Their instability strip in the H-R diagram is shown by the
dotted line in Figure 15. These are two bright stars, V53 and V58,
having brightness more than 10.8 mag and temperature larger than
10000 K falling within the region of SPB instability strips and we
classified them as SPB stars.
The brightest star in our catalogue of variables is V53 which
is a well known bright star BD +34 1113 in the SIMBAD and re-
ported to be an eruptive variable in the GCVS catalogue. In our
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Figure 15. The positions of 20 periodic variables which belong to the clus-
ter NGC1960 are shown in the Temperature-Luminosity plane (H-R di-
agram). The continuous line represents theoretical main-sequence for the
log(Age)=7.44±0.02.The continuous and dashed lines represent regions of
instability strips containing the δ-Scuti and γ-Doradus stars, respectively
while the region surrounded by dotted points are locations of slowly pul-
sating B type stars. All the variable star are marked with their respective
IDs.
study, the bolometric magnitude of this star comes out to be about
-3.73 mag with an effective temperature of ∼ 20,000 K which con-
firms its designated spectral type by of B2Ve by Smith & Jeffries
(2012) who found very high-level of IR-excess in this star. V53 is
reported to be a variable in the Hipparcos data with a period of
16.86 day in the AAVSO catalogue. Though star got saturated in
most of our frames but on the basis of 43 data points where mag-
nitude of this star could be determined, we found a periodicity of
0.597 day having an amplitude of 0.06 mag. Its small period, high
temperature and location in the SPB instability strips suggests that
this star is indeed a SPB star.
8.2.4 Rotational variables
Stellar rotation and magnetic activity are normally associated with
a main-sequence star of G or later spectral type. These stars are
characterized by small amplitude, typically less than 0.1 mag and
red in colour (B−V)0 > 0.5 mag. To identify the rotational vari-
ables in the present study, we first identify those cluster members
which have late-type spectral class. Among 20 cluster members
which show periodicity in the present study, 5 stars are found to
have (B−V)0 redder than 0.5 mag and show less than 0.10 mag
brightness variations in V band. We characterize them as rotational
variables. It is very much possible that periodic variation of these 5
stars are due to cool photospheric spots whose brightness is mod-
ulated by the stellar rotation. The number of cool spots in these
stars is related to their surface magnetic field. It is reported that the
level of magnetic activity is larger in young clusters (Messina et al.
2010). As NGC 1960 is a young cluster having an age of about 27
Myr, it is not surprising that many stars in the cluster are found to
be rotational variables.
Table 12. The basic parameters estimated for the 20 periodic variables
found in the cluster NGC 1960. The classification of the variables on the
basis of their characteristics is given in the last column.
ID logTeff BCV Mbol log(L/L⊙) Mass Type
(dex, K) (mag) (mag) (dex) (M⊙)
V27 3.843 0.062 2.995 0.694 1.53 δ-Sct
V35 3.865 0.039 2.951 0.712 1.53 δ-Sct
V36 3.698 -0.277 5.684 -0.381 0.90 Rotational
V39 3.627 -0.822 6.509 -0.711 0.80 Misc
V40 4.055 -0.430 0.650 1.632 2.69 Non-pulsating
V41 4.028 -0.336 0.861 1.548 2.58 Non-pulsating
V42 3.676 -0.436 6.235 -0.602 0.83 Misc
V46 3.574 -1.580 5.115 -0.154 0.83 Misc
V48 3.745 -0.117 4.247 0.193 1.17 Rotational
V49 3.807 0.020 3.905 0.330 1.28 Misc
V52 3.802 0.012 3.947 0.313 1.26 Misc
V53 4.309 -1.797 -3.731 3.384 7.10 SPB
V54 3.722 -0.191 4.646 0.034 0.98 Rotational
V58 4.042 -0.430 -0.712 2.177 4.40 SPB
V59 3.678 -0.428 5.487 -0.303 0.90 Rotational
V60 3.850 0.055 3.125 0.642 1.49 γ-Dor
V62 3.848 0.039 3.151 0.632 1.47 γ-Dor
V63 3.848 0.043 3.079 0.660 1.50 γ-Dor
V67 3.642 -0.693 6.041 -0.524 0.82 Rotational
V71 4.019 -0.312 0.177 1.821 3.34 Misc
8.2.5 Non-pulsating variables
We found two bright B type stars V40 and V41 between the cool
edge of the SPB and the hot edge of the δ-Scuti instability strips and
found to have similar properties like period (∼ 0.3 day), amplitude
(∼ 0.02 mag) and mass (∼ 2.6 M⊙). We classify these stars as non-
pulsating variables as suggested by Balona et al. (2011a). The ori-
gin of this grouping as non-pulsating variable is not clear, but may
be related to the rotation. On the basis of such stars found between
the β-Cep and SPB instability strips in the Kepler data, Balona et al.
(2011a) suggested some of them may be binary stars. In young
open clusters NGC3766 and Stock 8, Mowlavi et al. (2013) and
Lata et al. (2019) have also found a large population of new vari-
ables between SPB and δ-Scuti stars, the region where no pulsation
mechanisms were expected on the basis of theoretical evolutionary
models.
8.2.6 Miscellaneous variables
There are some periodic stars which could not be classified in any
particular class of variables on the basis of their estimated param-
eters and phased light curves. We found six such variables in the
cluster namely V39, V42, V46, V49, V52 and V71 which are clas-
sified as Miscellaneous variables in the present study and marked
as Misc in Table 12. While first five stars are relatively faint, the
variable V71 is quite a bright star lying in the region between the
instability strips of the δ-Scuti and SPB stars.
8.3 Eclipsing binaries
On the basis of phased light curves of 72 periodic variables, we
identified only star having ID V47 as eclipsing binary system
(EBs). This star with a rotation period of 0.4717 day clearly shows
two eclipses with different depth. Classical approach of frequency
analysis does not succeed to extract true period of EBs, so we es-
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timated period of V47 from the eclipse minima and by the visual
inspection of the phase diagram for the multiple periods. Accord-
ing to the variability type listed in the Moscow General Catalog of
Variable Stars (GCVS), we classified V47 as W UMa eclipsing bi-
nary star. The star is found to belong field population according to
its membership probability (p = 0.01) given in Table 4. As it is not
possible to do a detailed analysis of V47 in the present analysis,
a follow-up paper is in preparation that includes modelling of its
photometric light curves and spectroscopic analysis in order to de-
termine its physical parameters and examination of stellar spots. It
should be noted that many EBs might have been escaped from our
detection due to short time base and low duty cycle, particularly
when most of the photometric variations we detected are extremely
low amplitudes.
9 DISCUSSION AND CONCLUSIONS
The cluster parameter based on the photometric analysis may be
subject to selection bias as many genuine cluster members are left
out from the sample. Though lack of the identification of true mem-
bers may not have much effect on the determinations of parameters
like reddening, age, distance modulus and metallicity but imparts
significant impact on the dynamical study of the cluster like mass
segregation, relaxation time, and half cluster radius. It is however
extremely difficult to extract all the genuine members of a cluster
on the basis of photometric observations due to their identification
issue. On the other hand, cluster membership assignments based
on the kinematic studies have always been considered more reli-
able than those obtained through the photometric analysis.
In the present study, we performed an extensive photomet-
ric and kinematic investigation of a relatively young open clus-
ter NGC 1960. We made a multi-band photometric catalogue of
3962 stars in the cluster by supplementing our UBVRI data with
the SHA06 photometric data along with the archival photometric,
near-IR and kinematic data. We determined membership probabili-
ties of the stars based on their kinematic data provided by the most
accurate proper motions catalogue produced till date through the
Gaia DR2 survey. As membership probabilities cannot be sole cri-
teria to identify the true cluster members, we further used stellar
parallaxes to isolate cluster members. The precision of the Gaia
DR2 proper motions coupled with the strength to distinguish clus-
ter members through its parallax measurements allowed us to iso-
lated cluster members quite remarkably. We found a total of 262
stars which belong to the cluster NGC 1960. This number is rela-
tively low in comparison of the total number of stars found in the
target field. However, it is not surprising as the cluster lies very
close to the Galactic mid-plane (b ≈ 1 deg) due to which Galactic
field star population is very dominant in the target field. We ob-
tained a mean cluster parallax of 0.86±0.05 mas, excluding the stars
showing large errors (eω > 0.2) in their parallax measurements.
This corresponds to a mean distance of ∼ 1.17±0.06 kpc and dis-
tance modulus of (m− M)0 = 10.33± 0.11 mag. The mean proper
motion of the cluster was determined to be -0.143±0.008 mas/yr
and -3.395±0.008 mas/yr in the direction of RA and DEC, respec-
tively. On the basis of (U − B)/(B−V) colour-colour diagram, the
reddening E(B−V) was estimated as 0.24±0.02 mag in the opti-
cal bands which was found to be 0.23 mag in the near-IR data,
in agreement with the optical reddening. Since NGC1960 shows
some signature of differential extinction across the cluster region in
its (U − B)/(B−V) diagram, it indicates that the cluster may still
be embedded within the parent molecular cloud. We estimated an
average total-to-selective extinction ratio as 3.10±0.08 that is in
excellent agreement to the normal value. However, colour-excess
ratio E(U−B)/E(B−V) is found to be slightly higher than the nor-
mal one. Our measurement of reddening gives a visual extinction
of AV = 0.74± 0.08 mag in the direction of the cluster. Exploiting
prior knowledge of reddening through colour-colour diagram, and
distance through the parallaxes of cluster members, we determined
the age of the cluster through the colour-magnitude diagrams. We
obtained an age of 27.5+1.3−1.2 Myr for the cluster NGC1960 by vi-
sually fitting a recently available solar metallicity isochrones of
Marigo et al. (2017).
Since our observations are complete up to 19 mag, we con-
structed the luminosity function up to this brightness limit only
which then converted into the mass function. The mass function
slope (MF slope) in the cluster was determined for the stars in
the mass range 0.72 ≤ M/M⊙ ≤ 7.32 and MF slope was found to
be Γ = −1.26 ± 0.19 which is nearly equal to the Salpeter value
of Γ = −1.35 in the solar neighbourhood. This is well expected
considering the cluster NGC1960 is relatively young and dynam-
ical evolution has not changed the primordial MF in a significant
way. Our result of MF slope consistent with Salpeter value fur-
ther validates the universal IMF in the Milky way, even though
star clusters have a wide range of properties across the Galaxy
(e.g., Colman & Teyssier 2019). We also constructed mass function
slopes for the inner and outer regions, and observed that the slope is
flatter in the inner region than in the outer region, suggesting an on-
going mass segregation process in the cluster. The relaxation time
of the cluster was found to be smaller than its age which implies
that the cluster is not yet dynamically relaxed. Using the 262 mem-
bers stars for which V magnitudes are available down to 20.7 mag,
we derived a total cluster mass of ≈ 417 M⊙ with a mean stellar
mass of ≈ 1.6 M⊙. Although our selection criteria retrieves most of
the cluster members, we still emphasize that the estimated cluster
mass could be a lower-limit to the actual total mass of the cluster
and mean mass of 1.6 M⊙ be considered as upper limit of the stellar
mass for the same reason.
The photometric and kinematic studies of NGC1960 have
been done extensively in the past, however, no variability study was
performed on this cluster so far. As search for variable stars is one
of the primary goal of our ongoing survey, we carried out a long-
term observations of the cluster NGC 1960 in the V band. We mon-
itored the central 13′ × 13′ region of NGC1960 on 43 nights over
a period of more than three years. As we found out 1386 stars in
the target field, the search for the variability among these stars has
been performed. Through the present survey, we have first provided
time-series V band photometric analysis of 76 variable stars, all of
them newly detected except one. The variables range in V-band
magnitudes from 9.1 mag to 19.4 mag. Among 76 stars detected in
the present study, 72 stars are found to be periodic variables with a
period range of 41 minutes to 10.74 days. Majority of these stars are
short-period variables having period smaller than 1 day. We could
not detect any variable with period longer than 10.74 days because
of the large gaps between the observing cycles. Most of the short
period variables have relatively small amplitudes and we could re-
trieve amplitude of light variability down to the 0.02 mag level.
Out of 72 periodic variables, 20 are identified as cluster members
therefore we could obtain their masses, effective temperatures, and
bolometric luminosities. Two of the cluster members show irregu-
lar variability similar to stellar flares but data is insufficient to vi-
sualize any conclusive characteristics. Rest of the 54 variables are
identified as field stars population lying in the direction of the clus-
ter. The light curves analysis of 20 cluster variables along with the
MNRAS 000, 1–?? (2019)
Photometric, kinematic and variability study in the young open cluster NGC 1960 19
estimated characteristic parameters suggested that 2 of them may
belong to δ-Scuti stars, 3 could be γ−Doradus type stars, 5 as ro-
tational variables, 2 as SPB stars, and 2 non-pulsating B stars. We
could not classify 6 stars in any specific category and characterized
them as miscellaneous variables. We also found one star V47 as W
UMa eclipsing binary star belonging to the field stars population.
We compared our catalog of variable stars with the variables listed
in the AAVSO International Variable Star Catalogue (Watson et al.
2017) and found only one common variable which is identified as
BD+34 1113 in the SIMBAD. On the basis of Gaia DR2 kinematic
data, this star belong to the cluster NGC1960 and we classified it
as a slowly pulsating B type star in the present study.
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